The capillary condensation in bicontinuous microemulsions takes place when two parallel surfaces are narrowed that result in a completely lamellar microemulsion. We expected that this phase transition is also observable when the amount of hydrophilic surfaces from clay particles is raised, because hydrophilic surfaces induce lamellar ordering locally. Using small angle neutron scattering, the structure of microemulsions was observed as a function of clay content. The critical concentration is indicated by discontinuous structural changes and depends on the platelet diameter and is explained by the free energy of the platelets competing with the fluctuating medium. The gel phase transition is observed in the spectroscopic measurements where the diffusion motion is widely suppressed in the gel phase, but otherwise superimposes with the membrane undulations.
Introduction
Microemulsions are thermodynamically stable mixtures of oil and water [1] [2] [3] that are mediated by the surfactant. Locally, there are oil and water domains that are observable by scattering experiments [4] that are separated by the surfactant film. The domain sizes are usually a few nanometers and display shapes from spherical droplets over elongated droplets to the bicontinuous sponge https://doi.org/10.1016/j.jcis.2018.04.032 0021-9797/Ó 2018 Published by Elsevier Inc.
phase. Also liquid crystalline order between the domains can be observed. In the following we restrict ourselves to the bicontinuous microemulsion. The explanation for this choice of the system is a relatively simple handling (equilibrium means reproducibility) and very well documented characterization. For instance, a long history is written on bicontinuous microemulsions with polymeric additives [5] [6] [7] [8] [9] . In terms of applications, microemulsions are used as cleaning agents [10] and are discussed as fuels with much less pollutant emissions from the combustion [11, 12] .
When exposing the microemulsion to hydrophilic surfaces, a lamellar order is locally induced next to the interface [13] . From spectroscopic measurements, we know that the membrane fluctuations in microemulsions are faster in the lamellar state [14] . This is connected to the lubrication effect [15] , because the lamellae can slide off easier and the motions are faster. In spectroscopic measurements with hydrophilic clay particles, we could show, that the platelet diameter causes a cutoff of the undulation modes, and larger platelets cause a better order with longer wavelength modes [16] . In rheology experiments this microscopic effect was observed macroscopically [17] .
So far, all experiments stayed at relatively low clay concentrations, when the system is still liquid [16, 17] . The lamellar fraction in microemulsions with 1% clay is around 25% in volume [16] . From the predictions of a capillary condensation [18, 19] , we were motivated to study higher clay concentrations (see Fig. 1 ). An interesting detail of the clay structure in microemulsions is the speculation that the particles arrange on a checkerboard structure where the next layer places particles on holes of the original one [17] . When the layer of lamellar surfactant membrane order keeps its extension, at a particular clay platelet distance the whole system must undergo a phase transition to lamellar only. We tried to observe this phase boundary using small angle neutron scattering (SANS) and neutron spin echo (NSE) spectroscopy. The results are discussed in this order.
Materials
The non-ionic surfactant tetra-ethylene glycol mono-decyl ether (C 10 E 4 ) was purchased from Bachem Distribution Services, Weil am Rhein. The heavy water (D 2 O) and perdeuterated ndecane were purchased from Armar Chemicals, Döttingen. All chemicals were used without further purification. The batch microemulsions with film and bulk contrast were mixed with 17 vol% surfactant and 41.5 vol% heavy (normal) water and 41.5 vol % protonated (deuterated) oil, using the densities of 0.974, 1.105 (1.000), 0.840 (0.97) g/cm 3 , respectively. All microemulsions were stable at a temperature window of 25°C (27°C) (±2K) observed by visual inspection of turbidity.
Clay particles were obtained from Süd Chemie (Rockwood), now belonging to the BYK chemicals group. We received two types of clay: Laponite RD (LRD) that is reported to have a diameter of 25-30 nm, and Montmorillonite (MMT) EXM 757 had a diameter of approx. 500 nm. The Laponite material was used without further cleaning. The Montmorillonite material was dispersed in deionized water by sonication over night, centrifuged, and the liquid portion dried using a rotor vap and a vacuum oven. The particles were dispersed in the microemulsion with given volume percentages using the density of 2.6 g/cm 3 . The dispersions were sonicated from 1 to 3 h. The samples were stable in the same temperature range by showing little turbidity -the particles caused light scattering.
Experimental
Small angle neutron scattering (SANS) experiments have been performed on KWS-1 [20, 21] within the Heinz Maier-Leibnitz Zentrum (MLZ) at the research reactor FRM-2 in Garching/Munich. The neutron velocity selector was set to 5 Å wavelength with a FWHM spread of 10%. The instrument has a length of 20 + 20 m for collimation and detector. The collimation was set to 20 m with an entrance aperture of 3 Â 3cm 2 . The detector distance was varied between 20 m, 8 m and 1.5 m to cover the full accessible Qrange. The scattering vector Q was calculated as the function of the scattering angle h and the wavelength k according to Q =4p sin(h/2)/k. The macroscopic cross section dR/dX(Q) was calibrated using a secondary plexiglass standard and transmission. Longer measurements (1 h) of plexiglass served for a pixel-wise sensitivity measurement. All measurements were corrected against the empty cell, the empty beam and dark current background. All samples were heated to 25°C using a Peltier element against watercooling to obtain the one-phase microemulsion.
Neutron spin echo (NSE) spectroscopy measurements have been performed on J-NSE [22] within the MLZ at the research reactor FRM-II in Garching, at the SNS-NSE at the Spallation Neutron Source in Oak Ridge [23] , and at IN-15 [24, 25] at the Institut Laue Langevin. The neutron velocity selector was set to 8 Å wavelength. Details of the method and calibration are given in Ref. [26] . The result of the measurement is the intermediate scattering function S(Q,t), given by: 
Results
The bulk contrast samples at particle concentrations between 0.5 and 2.5 vol% were characterized using SANS (Fig. 2 , Supplementary Material: Fig. S1 ). We see a clear correlation peak at approx. Q = 0.035 Å À1 that results from the oil and water domains that alter on a local scale. An upturn towards lower Q < 0.01 Å À1 is observed due to the inhomogeneities that the particles cause. The power law is close to the ideal Porod surface scattering P Â Q
À4
. At high Q > 0.2 Å À1 the scattering levels off due to the non-corrected incoherent scattering. It allows for crosschecking the absolute calibration. All scattering curves were fitted by a semi-empirical formula: 
with the amplitudes P, A 0 ,A 1 , and b ckgr . The alternating oil and water domains are described with a wavevector k 0 and a correlation length n that result from the Teubner-Strey formula [27] . This longwavelength approach does not describe the actual surfaces of the microemulsion locally, and the additional term with the prefactor A 1 comes into play [28] . It relates to a domain size R g . All surfactant surfaces show a roughness r. Many of these terms have technical quality; thus we only discuss the magnitudes of the correlation length n (connected to the peak width), the domain spacing d = 2p/k 0 (with the approximate peak position Q max % k 0 ), and the Porod intensity at Q = 0.0033 Å À1 (we selected a finite Q within the measured Q-range to avoid an extrapolation with lower accuracy), that are shown in Figs. 3-5 . The critical clay content of the capillary condensation is estimated by the trends of all three figures together (1.8% MMT and 1.3% LRD). The characteristic values of the pure microemulsion [6] are added to all figures, but omitted in this discussion.
The correlation length n (Fig. 3) shows a clear discontinuity at the critical concentration. For the MMT the correlation length increases at this point, indicating that the degree of order is increased at the phase transition, while n decreases for the LRD, indicating the low degree of order for small platelets. The general trend in either phase of the MMT system is a decrease towards higher clay contents, while that the spacing increases (Fig. 4) with a larger fraction of surfactant participating in fluctuations.
The d-spacing d (Fig. 4) also shows a discontinuity at the critical concentration. It is very clear for the MMT system. The sudden decrease goes together with the higher degree of order that allows denser membrane packing. In the LRD system this discontinuity is only obvious in concert with the evolution of correlation length and Porod scattering (Figs. 3 and 5) .
The Porod scattering (Fig. 5 ) also indicates the critical clay concentration. While in the MMT system the behavior is discontinuous, the LRD system only shows a kink. NSE data with the MMT clay were taken with the microemulsion being in film contrast. The example of 1.5 vol% clay is depicted in Fig. 6 . We can clearly see that there is an elastic contribution of ca. 0.1 for all Q-values resulting from the large clay particles. All curves were described by a stretched exponential [29, 30] with an elastic contribution A according to:
SðQ ; tÞ SðQ; 0Þ The stretch exponent in the large Q-limit takes the value b = 2/3. The relaxation times s are summarized in Fig. 7 . For completeness, we added the lower clay contents from Ref. [16] .
We can see a clear discontinuity at ca. 0.9% clay content. All relaxation times of 1% clay content are considerably larger than at 0.8%. This phase boundary is not the aforementioned capillary condensation but the gel transition as discussed in the literature [31] . The slowing down at the phase transition is a clear indication.
Discussion
The strongest criterion for a phase transition is usually the discontinuity of the correlation length as observed for the LRD system. The MMT system displays a much suppressed discontinuity, but together with the discontinuities of the domain spacing and the Porod scattering we can be sure about this point of the phase transition. We specify the critical clay concentration of the MMT and LRD clay to be 1.8% and 1.3%. The difference of the structural characteristics of the phase transition is astonishing though. An attempt of explaining this finding is that the LRD acts against a well-defined lamellar phase, and so the correlation length suddenly decreases at the phase boundary, while MMT promotes the well-defined lamellar structure (the correlation length slightly increases) and the fluctuation spectrum is more suppressed allowing for a denser lamellar phase (with considerably lower dspacing).
The strongest difference is the tendency of the Porod scattering in the lamellar phase. While in the MMT system the Porod scattering increases dramatically, it nearly vanishes for the LRD system. The MMT system would possibly lead to smaller crystalline regions with stronger grain boundary scattering, while the LRD system might even have facilitated grain alignment and ordering that leads to such large crystallites that they are not observable in the actual Q-window (in Ref. [17] the low-Q scattering of LRD was 10 times lower under shear). This is understandable because the free energy contribution of the clay particles per unit volume would scale with the particle diameter d 2 to d 4 by the pure analysis of prefactors [32] . A detailed analysis is missing though. The ordering of clay particles for different particle diameters is not to be confused with the controversial known degree of order of the surfactant membranes.
A completely different effect of gelling is observed in the spectroscopic measurements. The Q-scaling in the gel phase obeys the Q 3 dependence of membrane fluctuations [29] .I n the liquid phase the q-dependence is slightly stronger than expected, which is mainly due to the relaxation time of the data the lowest Q-values. We attribute this to remaining structure factor influences on the relaxation rate when approaching the correlation peak. Only above Q > 4Q 0 the pure Q 3 dependence can be safely expected.
Diffusive processes have a typical Q 2 dependence of the relaxation rate and are a multiplicative contribution to the relaxation function. This diffusive contribution is determined e.g. by the Hellweg group by dynamic light scattering [33] at much smaller Qvalues in microemulsion systems due to the size of the particles therein. With this clay system and the clear indication of a gel phase boundary, we see no hint of diffusive contributions in the gel phase. We can safely neglect diffusion and see only the membrane undulations. On the other hand, we see the acceleration of membrane dynamics much stronger after the gel-transition took place at above 1% clay concentration. The relaxation time decreases, especially in the low-Q region where also the accelerated membrane dynamics has been observed with grazing incidence technique. [14] . This effect is significantly more pronounced than in the fluid phase. Long wavelength undulations at the interface to the clay particles dominate the membrane undulation spectrum obviously in this regime [14] . In Ref. [16] , the percentage of lamellar phase approaching 1% clay concentration was found to be about 25%. At higher concentrations in the gel we observe now the clear domination of the long wavelength surface undulations. Diffusive motion in the fluid phase might be the reason for smearing out the effect of accelerated membrane dynamics by the clay below the gel transition. At the transition itself, the relaxation time increases significantly until it decays again monotonically with increasing clay concentration in the gel phase. The capillary condensation does not cause a visible change in the relaxation times, because the MMT promotes the lamellar structure already in the non-condensed phase which agrees with a weak change of the correlation length at the phase transition. 
Conclusions
The capillary condensation of microemulsions was observed experimentally between macroscopic surfaces [18] and described for complex fluids theoretically [19] . The thermodynamically stable bicontinuous microemulsion (sponge in a sponge structure [1, 2] ) can turn into the non-favored, but well ordered lamellar structure induced by the narrowing flat surfaces on submicrometer length scales. As precursors, hydrophilic planar surfaces induce a lamellar structure over a limited range of a few domains [13] . Here the dynamics are accelerated [14] , and nanoscale clay particles equally induce the local ordering [16] . Now, we have observed the capillary condensation phase boundary of a microemulsion between clay particles of varying concentration. The critical clay content is larger for larger diameters of the particles (1.3 vol% vs. 1.8 vol%). We therefore proved that clay particles orient themselves face-to-face to accommodate the lamellar microemulsion phase although the order is not necessarily perfect over larger distances. While the lamellar order of the microemulsion locally next to the larger flat interface of the clay particles is known to be better [16] , the fluctuating medium of the bicontinuous microemulsion has a stronger influence on the large particles. We conclude that the competing entropy of the bicontinuous microemulsion [15] with the free energy of the clay particles [32] causes this effect. In the spectroscopic effects, we see clear hints of the gel phase boundary [31] at 0.9 vol% clay concentration. In the gel state, the domination of the long wavelength undulations [16] at the interface gets very prominent. For the future, a detailed quantitative analysis of all known contributions [15, 32] of the free energy would help to understand the competing effects better. While the viscosity modification of the fluid phase using clay particles has been proved to be highly interesting for considerably reduced or extremely high viscosities [17] , the viscosity modification deeply in the gel phase remains an interesting question for the future, where considerably lower and higher viscosities are to be expected.
